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Edge spin accumulation in 2D electron and hole systems in a quasi-ballistic regime
Alexander Khaetskii ∗
Department of Physics, University at Buffalo, SUNY, Buffalo, NY 14260-1500
(Dated: September 1, 2018)
We consider a two-dimensional structure with spin-orbit-related splitting of the electron (hole)
spectrum and calculate the edge spin density which appears due to the intrinsic mechanism of
spin-orbit interaction in the presence of a charge current through the structure. We concentrate on
the quasi-ballistic case when a mean free path, being much smaller than the sample size, is larger
than the spin precession length determined by the value of the spin-orbit splitting. We show that
regardless of the presence or absence of the bulk spin current the main source of the edge spin
density is the boundary scattering itself. The character of the edge spin density depends on the
smoothness of the bulk impurity potential. We have calculated the edge spin density profile for an
arbitrary smoothness of the scattering potential in the bulk, and discussed relation to the existing
experiments for two-dimensional holes.
PACS numbers: 72.25.-b, 73.23.-b, 73.50.Bk
I. INTRODUCTION
The spin Hall effect and edge spin accumulation in two-
dimensional (2D) structures attracted recently a lot of
attention1,2. Both phenomena are caused by spin-orbit
coupling. There are two essentially different mechanisms
of the spin Hall effect, extrinsic3 which is determined by
the properties of impurities, and intrinsic one4, related
to spin-orbit coupling in a perfect crystal and associated
splitting of the particle spectrum. The edge electron spin
density accumulation, related to the Mott asymmetry
in electron scattering off impurities, has been recently
measured5. Moreover, the edge spin density in the 2D
hole system, which is due to the intrinsic mechanism of
the spin-orbit interaction, has also been observed6.
It is quite well established that in the diffusive regime
(and when a spin diffusion length is much larger than
a mean free path), the spin density appearing near the
boundary is the result of the spin flux coming from the
bulk2,3. In the particular case of the Rashba Hamilto-
nian it is still true, though some details depend on the
boundary conditions. For the hard wall case, when the
spin current is zero at the boundary, the spin current and
the spin density component perpendicular to the plane
are zero everywhere down to the sample boundary7. In
the case when the boundary condition is the equality of
a spin density to zero at the boundary, a spin flux is
nonzero within spin precession length near the boundary
and is precisely the source of the finite Sz component at
the edge8. This spin flux is directed towards the bound-
ary and is caused by the electric field existing in the bulk.
Till recently the opposite case, when the spin preces-
sion length Ls = h¯vF /∆ is much shorter than the mean-
free path, has been studied mostly numerically. (Here vF
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is the Fermi velocity, and ∆ is the spin-orbit-related split-
ting of the electron spectrum, which we consider to be
smaller than the Fermi energy, ∆≪ EF ). It includes the
case of finite size ballistic structures, when the mean-free
path is much larger than the sample size (a mesoscopic
spin Hall effect). The existing literature for the ballis-
tic case includes several papers9,10, where the problem is
treated numerically for the systems with the size which
is comparable or less than the spin precession length.
There are several analytical studies of the purely bal-
listic case11–14. In particular, in Ref. 14 we found the
characteristic scale for the edge spin accumulation in the
ballistic case and studied how the scale depends on the
boundary conditions. It was also shown in Ref.14 that
the edge spin density in a mesoscopic spin Hall effect
is not a result of the spin current flowing towards the
boundary.
In this paper we solve analytically the problem of
edge spin accumulation for a strong spin-orbit splitting
(Ls ≪ l), but when the size of the structure is much
larger than the mean free path l = vF τp, i.e. in the
quasi-ballistic regime in our terminology (τp is a mean-
free time). This case is very important in particular for
the reason that it is related to already existing experi-
mental data for 2D holes, see, for example, Refs.(6,15).
The problem of the edge spin accumulation in the quasi-
ballistic regime was considered before both numerically
and analytically for the linear Rashba Hamiltonian, see
Refs. [16,17], and for 2D holes it was done numerically
in Ref. [15]. (See the discussion of the results obtained
in Ref. [15] below). Ref. [16] considers the problem nu-
merically using the kinetic equation approach and only
studies the case of smooth in transverse direction and
straight boundary. Therefore the boundary scattering
does not induce transitions between sub-bands with op-
posite helicity, as a result the authors do not observe
any edge spin polarization, except in the corners of the
structure. The problem has been considered analytically
in Ref. [17] for the Rashba Hamiltonian and for a short-
ranged impurity potential in the bulk. The author con-
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FIG. 1: Schematics of the boundary specular scattering in
the presence of spin-orbit coupling. Plus and minus modes
are shown for the same energy and the same wave vectors
along the boundary.
cluded that a smooth spin density profile with the scale
Ls appears near a boundary. However, as it is shown in
Ref. [14], the proper treatment of the scattering prob-
lem in the bulk, which determines the correct form of the
electron distribution functions, and the use of the unitar-
ity of the boundary scattering14 leads to the cancellation
of the smooth edge spin density component. In Ref. [14]
only the case of a δ-correlated impurity potential was
considered.
In the quasi-ballistic regime the electric field in the
bulk of the sample is finite. Therefore, the distribution
functions for the electron states (i.e. the diagonal com-
ponents of the spin-density matrix) are determined by
the electric field and by scattering off the impurities in
the bulk of a system18. So far, there is no understanding
of the mechanism of the edge spin accumulation in this
regime. In this case two sources of an edge spin accumu-
lation are possible, the first one is due to the spin current
coming from the bulk, and the second one is a genera-
tion of the edge spin density upon the boundary scatter-
ing itself11,14. The relative role of those mechanisms has
never been studied. The bulk spin flux is determined by
the non-diagonal components of the spin-density matrix.
However, the edge source which is actually studied for
the ballistic Rashba case in Refs.11,14 is determined by
the diagonal components of the spin density matrix. In
the case of a strong spin-orbit splitting, when ∆τp/h¯≫ 1,
the contribution of the edge source can be larger since the
diagonal components are proportional to the mean-free
time, but the non-diagonal ones are not.
It is obvious, that the characteristic length near a
boundary, where the spin density arises, is the spin pre-
cession length. Since this length is much smaller than a
mean-free path, the problem of the edge spin generation
can be solved analytically with the use of the scatter-
ing states, see Fig. 1. The occupations of these states
(the distribution functions, which are different from the
ballistic case) are determined by the solution of the ki-
netic equations for the spin-density matrix in the bulk18,
and are the input parameters for the part of the problem
related to the scattering by the boundary.
It is important to understand how the phenomenon
(for example, the edge spin density profile) depends on
the character of the bulk scattering, i.e. the smoothness
of the impurity potential, and the form of the spin-orbit
Hamiltonian. Both questions are answered in the present
paper. Besides the Rashba Hamiltonian we also consider
the cubic in 2D momentum spin-orbit Hamiltonian, i.e.
2D holes, the case which was probed experimentally in
Refs. 6,15.
II. RASHBA SPIN-ORBIT HAMILTONIAN
Rashba spin-orbit Hamiltonian takes the following
form
Hˆ(p) = p
2
2m
+
α
2
~n[~σ × p], (1)
where ~n is the normal to the plane, ~σ are the Pauli ma-
trices, and p is the 2D momentum. The solutions of this
Hamiltonian corresponding to the helicity values M = ±
have the form exp(ipr/h¯)χM (p), where r = x, y. The
spinors and corresponding eigenenergies are
χ±(ϕ) =
1√
2
(
1
∓ieiϕ
)
, ǫM (p) =
p2
2m
+
M
2
αp,
with ϕ being the angle between the momentum p and
the positive direction of the x-axis.
The scattering matrix for the case of scattering by an
abrupt straight boundary (see Fig. 1) was found in Refs.
13,14. Two scattering states, which obey zero boundary
conditions at x = 0, and which correspond to incident
plus and minus modes with given wave vector along the
boundary and the same energy are
Ψˆ
(0)
+ (x, y) = e
ikyy[χ+(π − ϕ)e−ikx + F++ χ+(ϕ)eikx + F−+ χ−(ϕ1)eik1x]; Ψˆ(0)+ (0, y) = 0, (2)
Ψˆ
(0)
− (x, y) = e
ikyy[χ−(π − ϕ1)e−ik1x + F+−χ+(ϕ)eikx + F−−χ−(ϕ1)eik1x]; Ψˆ(0)− (0, y) = 0. (3)
The wave vectors entering the above expressions are defined as follows
k2 = k2+ − k2y, k21 = k2− − k2y, h¯k± = h¯kF ∓
mα
2
, (4)
3where p± = h¯k± are the momenta at the Fermi energy
in the plus and minus modes, and kF is the Fermi wave
vector in the absence of spin splitting. The angles ϕ, ϕ1
are expressed as sin(ϕ) = ky/k+ and sin(ϕ1) = ky/k−
(see Fig. 1). The scattering amplitudes F++ and F
−
+ take
the following form:
F++ = −
(eiϕ1 − e−iϕ)
(eiϕ1 + eiϕ)
; F−+ = −
2 cosϕ
(eiϕ1 + eiϕ)
. (5)
The amplitudes F−− and F
+
− for the incident minus mode
with the same ky and the same energy are obtained from
F++ and F
−
+ by replacing ϕ ↔ ϕ1. Then for the compo-
nents of the unitary scattering matrix Sˆ we obtain14:
S++ = F
+
+ , S
−
− = F
−
− , S
−
+ = S
+
− = F
−
+
√
vx,−
vx,+
, (6)
where vx,i = ∂ǫi/∂px are the group velocities. In the case
of Rashba Hamiltonian one has the relation vx,−/vx,+ =
cosϕ1/ cosϕ.
A. The edge spin density
The average z-component of the spin as a function of
coordinates is given by the following expression:
〈Sz(x)〉 =
∑
i=±
∫
dky
(2π)2
dǫ
vx,i
fi(ǫ, ky)
×〈Ψˆ(0)i (x)|Sˆz |Ψˆ(0)i (x)〉, (7)
where fi(ǫ, ky) is the distribution function in the mode i
for given energy and wave vector ky along the boundary.
We use further the following notations: f+(ǫF , ky) =
f+(~k+), f−(ǫF , ky) = f−(~k−). These two functions are
determined by bulk scattering in the presence of an elec-
tric field, and are not equal to each other in a general
case, in contrast to the ballistic limit. In the case consid-
ered here the electric field is parallel to the y-axis, and
the functions are presented in the form18
f+(~k+) ≡ f+(k+)ky/k+, f−(~k−) ≡ f−(k−)ky/k− (8)
An interference of different terms in Eqs. (2) and (3)
gives rise to various contributions to 〈Sz(x)〉 with differ-
ent oscillation periods. We are mostly interested in this
paper by the smooth part 〈Sz(x)〉s which involves the in-
terference of the outgoing waves (two last terms in Eqs.
(2) and (3)):
〈Sz(x)〉s = 2Re
{∫
dky
(2π)2
dǫ√
vx,−vx,+
〈χ−(ϕ1)|Sˆz |χ+(ϕ)〉
×ei(k−k1)xS++ · (S−+ )⋆[f+(ǫ, ky)− f−(ǫ, ky)]
}
.(9)
Note, that the characteristic period of oscillations in Eq.
(9) is the spin precession length.
While deriving Eq. (9) we used the unitarity condition
S++ · (S−+ )⋆ = −S+− · (S−−)⋆, as a result the above expres-
sion became proportional to the difference between the
distribution functions f+(ǫ, ky) and f−(ǫ, ky). Note that
in a purely ballistic case14 these functions are the Fermi
functions of the leads with shifted chemical potentials,
and for given ky (i.e. for given lead) these functions are
equal to each other since they depend only on the energy.
This was the reason for the absence of the smooth spin
density near a straight boundary in a ballistic case14. In
the quasi-ballistic case considered here these functions
are not equal to each other, we will see that the relation
between them depends on the nature of the scattering
potential in the bulk.
B. Solution for the edge spin in the case of a
short-ranged disorder potential in the bulk
The kinetic equations for different components of the
spin-density matrix in the quasi-ballistic regime (Ls ≪ l)
in the presence of an electric field and in the case of ar-
bitrary spin-orbit Hamiltonian and arbitrary smoothness
of the impurity potential treated in the Born approxima-
tion were derived in Ref.18. Keeping only the diagonal
components of the spin-density matrix in the collision
term, from Eqs.(5,6) of Ref.18 we obtain for the Rashba
Hamiltonian in the regime ∆ ≫ h¯/τp the following ex-
act relation between the functions f+(k+) and f−(k−)
entering Eq. (8)
f−(k−)
f+(k+)
=
[a1,+k+ − a˜2k− − k+a˜3]
[a1,−k− − a˜2k+ − k−a˜3] , (10)
where
a1,± = −
∫
dθ
2π
sin2 θW˜ (2k±| sin(θ/2)|),
a˜2 =
∫
dθ
2π
(1− cos θ)W˜ (
√
k2+ + k
2
− − 2k+k− cos θ),
a˜3 =
∫
dθ
2π
cos θ(1 − cos θ)W˜ (
√
k2+ + k
2
− − 2k+k− cos θ).(11)
Here the impurity scattering kernel (θ is the scattering
angle) is
W˜ (θ) =
ni
2h¯3
|U(θ)|2, U(θ) = U(|~k1 − ~k|) =
U(
√
k2 + k21 − 2kk1 cos θ), (12)
where ni is the 2D impurity density, and U(~k−~k1) is the
Fourier component of the impurity potential. To see how
the accumulated spin density depends on the character-
istic scale of the impurity potential, let us write down
the condition of the equality of the distribution func-
tions f+(~k+) and f−(~k−). From the definition of these
functions, Eq. (8), and Eq. (10) we obtain the following
condition
(k2− − k2+)a˜3 = k2−a1,− − k2+a1,+ (13)
4First of all, we see that for the δ-correlated potential
when W˜ (θ) does not depend on angle, the above Eq. (13)
is just an identity, i.e. the smooth component of the edge
spin, Eq. (9), is absent. The parameter which determines
the magnitude of the effect is the ratio of the correlation
radius of the impurity potential d and the spin precession
length Ls. Let us demonstrate that the above equality
Eq. (13) holds up to α2 order. In the first order we obtain
(kF /2)da1/dkF = a3 − a1, (14)
where a1, a3 are the corresponding quantities in
Eqs. (11) calculated with the scattering kernel at the
Fermi momentum:
W˜ (2kF | sin(θ/2)|) ≡W (θ) (15)
The explicit form of Eq. (14) presented above is:
− kF
∫ π
0
dθ
dW (θ)
dkF
sin2 θ = 2
∫ π
0
dθW (θ)[cos θ − cos 2θ]
(16)
Introducing a new variable x = sin(θ/2), 0 ≤ x ≤ 1, we
can express dW (θ)/dkF = (x/kF )dW/dx, and integrate
the left hand side of Eq. (16) over the x by parts. Then
we can easily see that the result is indeed equal to the
expression standing in the right hand side. We note that
Eq. (14) holds only under the condition d ≪ Ls, when
a quantity a˜3 can be expanded in powers of α. In the
opposite limit, when d ≫ Ls, the quantity a˜3 can be
neglected, and Eq. (13) is violated already in the first
order in α, see below. The terms of the second order
in α are identically absent in Eq. (13). Thus, we obtain
that at d ≪ Ls the difference between the distribution
functions f+(ǫF , ky) and f−(ǫF , ky) is of the third order
in α:
f+(ǫF , ky)− f−(ǫF , ky) = (mα
2pF
)3Φky f˜(ǫ),
Φ = (a′1 + kF a
′′
1 + k
2
Fa
′′′
1 /6− a′0)/a1, (17)
where a′1, for example, means the first derivative with
respect to kF , a
′′
1 the second derivative, etc. The quan-
tity f˜(ǫ) = −(1/2ma5)eE∂f0/∂pF depends only on the
energy, and the two new coefficients are:
a0 =
∫
dθ
2π
cos θ(1 + cos θ)W (θ),
a5 =
∫
dθ
2π
(1− cos θ)W (θ). (18)
Note, that f˜(ǫ) multiplied by ky/kF has the meaning of
the distribution function in the bulk in the presence of
electric field E for the spinless problem, f0 is the Fermi
distribution function, and quantity ma5 = 1/τp is the
inverse transport scattering time. Thus, the distribution
function for the quasi-ballistic case is obtained from the
one for a purely ballistic problem (with the bias eV ap-
plied to the leads) by the following replacement
eV → h¯2kykE/m, kE = eEτp/h¯.
Inserting result Eq. (17) in Eq. (9), where all the quanti-
ties except f+(ǫF , ky)− f−(ǫF , ky) and ei(k−k1)x are cal-
culated at α = 0, and doing a trivial integral over energy,
we obtain:
〈Sz(x)〉s = 1
(2Ls)3
kE
2kF
ΦJ(x), (19)
where
J(x) = k−3F
∫ +kF
−kF
dkyk
2
y
(2π)2
sin(k1 − k)x.
We can expand k1 − k here with respect to the small
parameter mα/pF , and obtain
J(x) =
∫ 1
0
dzz2
2π2
sin(
x
Ls
√
1− z2 ), z = ky/kF .
It is important that the characteristic values of z which
give the main contribution to the integral are of the order
of unity, and the characteristic period of oscillations is
Ls = h¯/mα.
Integral J(x) can be easily calculated in the limiting
cases. At x≪ Ls one has J(x) = x/(8πLs). In opposite
case x≫ Ls we obtain J(x) = (Ls/2πx)3/2 cos[(x/Ls) +
π/4].
C. Solution in the case of a smooth disorder
potential
In the limit of a smooth disorder potential, d ≫ Ls,
the quantity a˜3 is small, and we can neglect it. Then
Eq. (13) is violated already in the first order in α. The
corresponding difference of the distribution functions is:
f+(ǫF , ky)− f−(ǫF , ky) = ( ky
k2FLs
)Φ1f˜(ǫ),
Φ1 = (2a1 + kF a
′
1)/(a1 − a2). (20)
The result for the smooth spin density in this limit reads:
〈Sz(x)〉s = kE
2Ls
Φ1J(x). (21)
Note that the results Eq. (19) and Eq. (21) match at
d ≃ Ls. Indeed, since in this parameter range scattering
is of the low-angle type (we consider the case Ls ≫ λF )
with the characteristic scattering angle 1/(kFd)≪ 1, we
can estimate the quantities Φ and Φ1 as follows: Φ ≃
d2kF , Φ1 ≃ 1. While estimating the Φ value, we took
into account the fact that for a small-angle scattering
(a0/a1) ≃ (kFd)2 ≫ 1. Using these values of Φ and Φ1,
we obtain that results Eq. (19) and Eq. (21) match at
d ≃ Ls.
Note that the function Φ at arbitrary value of d <
Ls (including the case of a short-ranged scattering d ≪
λF ) can be estimated as Φ ≃ d2kF . Thus, the results
5for the spin density obtained above, Eqs.(19,21), can be
presented in the form
〈Sz〉s ≃ kE
Ls
d2
L2s
at d < Ls; 〈Sz〉s ≃ kE
Ls
at d > Ls.
(22)
D. Fast oscillating contribution to the edge spin
We note also that besides the smooth spin density
component, there is also a fast oscillating contribution
with 2kF wave vector, in a complete analogy with the
ballistic case11,13,14. If one takes in Eq. (9) the dis-
tribution functions f+(ǫF , ky), f−(ǫF , ky) in zeroth or-
der with respect to α (which are equal to each other),
then the smooth contribution to the spin density with
the scale Ls is zero. The remaining fast contribution
which is due to the interference between incoming and
the outgoing waves [for example, between first and sec-
ond terms in Eq. (2)], and additional contribution from
the evanescent modes, see Ref.14, can be written in the
form 〈Sz(x)〉f = (h¯2kE/m)(1/8π2mv2F )ImI(x), where
I(x) =
∫ k
−
0
dky [k+k− + k
2
y − kk1](eikx − eik1x)2. (23)
Once again, this contribution is obtained from the
corresponding one in Ref.14 just by the replacement
eV → (h¯2kykE/m), which was indicated above. Fur-
ther consideration is exactly the same as in Ref.14, see
Fig. 2 there. The integrand function in I is an an-
alytical function of the variable ky in the right half
plane Reky > 0 (for positive x), and we can trans-
form the original contour into the one shown in Fig. 2,
Ref.14. The power law decaying part of the integral
I comes from the imaginary axis of ky = iκ. Then,
for x ≫ λF the latter integral is determined by small
κ ≪ kF , and for the case λF ≪ x ≪ L2skF one
has ImI ≈ −2√π(kF /x)3/2 sin2(x/2Ls) sin(2kFx+ π/4).
Note that the total spin per unit length along the bound-
ary calculated with the function Eq. 23 is given by∫∞
0 dx〈Sz(x)〉f ≃ kE/(k2FL2s). The main contribution to
this integral comes from small distances from the bound-
ary, x ≃ λF .
Total spin calculated with the smooth part, see
Eq.(22), for the case d < Ls reads
∫∞
0 dx〈Sz(x)〉s ≃
kEd
2/L2s. Then the total contribution from the smooth
part is larger than the corresponding contribution from
the fast part if the condition d > λF is fulfilled.
III. 2D HOLES
We note that in the case of general spin-orbit Hamil-
tonian with the spectrum
ǫM (p) =
p2
2m
+MαpN , M = ±1/2 (24)
the functions which we need, f−(~k−) and f+(~k+), are not
equal to each other, and their difference is of the first or-
der in α for an arbitrary scattering potential in the bulk,
including δ-potential (at N 6= 1). For the latter case
a solution of bulk kinetic equations gives the following
relation between the distribution functions introduced
above f−(k−)v+(k+) = f+(k+)v−(k−), where v+(k+) =
h¯kF /m+ α˜(N−1)/2 and v−(k−) = h¯kF /m− α˜(N−1)/2
are the corresponding velocities calculated at k+ and
k− in the linear with respect to α˜ approximation, and
α˜ = αpN−1F . Then we obtain for N = 3 case, which
corresponds to 2D holes
f+(ǫF , ky)− f−(ǫF , ky) = ( 3ky
Lsk2F
)f˜(ǫ)
The result for the smooth edge spin density in the case
of δ-correlated impurity potential reads20:
〈Sz(x)〉s = 3kE
2Ls
J1(x). (25)
Here Ls = h¯/mα˜ and
J1(x) =
∫ 1
0
dzz2
2π2
[3 + 16z2(z2 − 1)] sin( x
Ls
√
1− z2 )
At x ≪ Ls one has J1(x) = x/(8πLs). In opposite case
x ≫ Ls we obtain J1(x) = 3(Ls/2πx)3/2 cos[(x/Ls) +
π/4]. The degree of edge spin polarization which follows
from Eq. (25) is
η ≃ ∆
EF
kE
kF
We would like to mention that experiments Refs.
(6,15) have dealt with the edge spin accumulation in 2D
hole system, where the observed effect was interpreted as
being caused by the intrinsic mechanism related to the
cubic splitting of the energy spectrum. The parameter
∆τp/h¯ in the numerical calculations was of the order of
unity, the maximal value was only about four. More-
over, the parameter ∆/EF = 0.4, therefore the values
of λF /2 and Ls were close to each other. That is why
a direct comparison of the results obtained here and in
Refs. (6,15) is difficult to make. It is also true because of
the large experimental uncertainty of the observed spin
density value. In particular, it is not clear at all what
was the characteristic spatial scale of the edge spin ac-
cumulation in the experiment. It seems that the authors
of Ref. (15) obtained numerically the edge spin density
oscillating with 2kF . It remains unclear why the spin
density calculated by them does not depend on τp. The
authors concluded that the edge spin density is brought
by the spin flux coming from the bulk of the sample.
We want to mention here, however, that in the quasi-
ballistic limit ∆τp/h¯ ≫ 1 the spin density which is due
to the boundary scattering itself is parametrically larger
than the one due to the incoming spin flux from the
bulk. Indeed, the first contribution, Eq. (25), has the
6value eEτp/h¯Ls and the second one is qxz/vF ≃ eE/h¯vF .
Their ratio is ∆τp/h¯ ≫ 1, where we have used Ls =
h¯vF /∆.
In conclusion, we have solved analytically the prob-
lem of the edge spin accumulation which appears in the
presence of a charge current in 2D structures and is re-
lated to the intrinsic mechanism of spin-orbit interaction.
We concentrate on the quasi-ballistic case when the spin-
orbit-related splitting of the electron (hole) spectrum ∆
is larger than the broadening h¯/τp of the spectrum due to
impurity scattering in the bulk of the structure. Other-
wise the sample is in the diffusive regime, i.e. the sample
sizes are much larger than a mean-free path. We have
calculated the smooth component of the edge spin den-
sity which is located over the characteristic scale near
the boundary determined by the spin precession length
Ls. This contribution appears due to boundary scatter-
ing itself and in the case ∆τp/h¯ ≫ 1 is larger than the
contribution brought by the intrinsic spin flux from the
bulk. The precise characteristics of the edge spin density
profile depend on the smoothness of the bulk impurity
potential. We have discussed relation of the obtained
results to the existing experiments for 2D holes.
IV. ACKNOWLEDGMENTS
I acknowledge the financial support from the SPIN-
MET project (FP7-PEOPLE-2009-IRSES). I am also
grateful to the Kavli ITP, Santa Barbara for the hospital-
ity and to all participants of the Workshop ”Spintronics:
Progress in Theory, Materials, and Devices” for useful
discussions.
1 H.A. Engel, E.I. Rashba, and B.I. Halperin, in Handbook
of Magnetism and Advanced Magnetic Materials, ed. by H.
Kronmu¨ller and S. Parkin, Vol.5 (John Wiley and Sons,
New York, 2007).
2 M.I. Dyakonov, and A.V. Khaetskii, in Spin Physics in
Semiconductors, Springer Series in Solid- State Sciences,
ed. by M.I. Dyakonov (Springer, Berlin, 2008).
3 M. I. Dyakonov and V.I. Perel, JETP Lett. 13, 467 (1971);
M. I. Dyakonov and V.I. Perel, Phys. Lett. A 35, 459
(1971).
4 S. Murakami et al., Science 301, 1348 (2003); J. Sinova et
al., Phys. Rev. Lett. 92, 126603 (2004).
5 Y.K.Kato et al., Science 306, 1910 (2004).
6 J. Wunderlich et al., Phys. Rev. Lett. 94, 047204 (2005).
7 Ya. Tserkovnyak et al., Phys. Rev. B 76, 085319 (2007);
O. Bleibaum, Phys. Rev. B 74, 113309 (2006).
8 I. Adagideli and G.E.W. Bauer, Phys. Rev. Lett. 95,
256602 (2005).
9 B.K. Nikolic´ et al., Phys. Rev. Lett. 95, 046601 (2005);
B.K. Nikolic´, L.P. Zaˆrbo, and S. Souma, Phys. Rev. B 73,
075303 (2006).
10 G. Usaj and C.A. Balseiro, Europhys. Lett. 72, 621 (2005);
A. Reynoso et al., Phys. Rev. B 73, 115342 (2006).
11 V.A. Zyuzin, P.G. Silvestrov, and E.G. Mishchenko, Phys.
Rev. Lett. 99, 106601 (2007).
12 P.G. Silvestrov, V.A. Zyuzin, and E.G. Mishchenko, Phys.
Rev. Lett. 102, 196802 (2009).
13 A. Khaetskii, E. Sukhorukov, JETP Letters 92, 244
(2010).
14 A. Khaetskii, E. Sukhorukov, Phys. Rev. B 87, 075303
(2013).
15 K. Nomura et al., Phys. Rev. B 72, 245330 (2005).
16 Raimondi et al., Phys. Rev. B 74, 035340 (2006).
17 E.B. Sonin, Phys. Rev. B 81, 113304 (2010).
18 A. Khaetskii, Phys. Rev. B 73, 115323 (2006).
19 Note the different meaning of quantities k+ and k− used
here, and quantities p+ and p− used in
18.
20 We calculated the result in the linear in α˜ approximation.
It means that the scattering amplitudes by the boundary
are calculated at α˜ = 0. Then even for the hard wall con-
ditions the troubles specific for the cubic Hamiltonian, see
Ref. [14], do not show up, and the unitarity of scatter-
ing is fulfilled for ”+” and ”-” modes with S++ = sin 3ϕ,
S−+ = cos 3ϕ.
